Hormonal control of elongation growth was analyzed in segments excised from the elongation zone of Lemna roots. Exogenous GA 3 did not promote the segment elongation but rather inhibited it. Uniconazole-P, a gibberellin biosynthesis inhibitor, significantly inhibited the segment elongation, and the inhibitory effect was completely nullified by GA 3 . In the epidermis, cell elongation was inhibited, but lateral cell expansion was not affected by uniconazole-P. Orientation of cortical microtubules of epidermal cells was disturbed by treatment with uniconazole-P for 12 h, and the disorganization of cortical microtubules was ameliorated by GA 3 . These findings suggested that disorganization of cortical microtubules induced inhibition of elongation growth of root. However, stabilization of cortical microtubules by taxol, a microtubule-stabilizing agent, did not affect the inhibition of segment elongation by uniconazole-P. These results suggested that endogenous gibberellin controls the elongation growth of root by regulating cell elongation.
Introduction
Plant hormones play an essential role in the regulation of shoot elongation (Yang et al. 1996 , Nomura et al. 1999 ). However, studies on root elongation are rather scanty compared with those on shoot elongation, because promotion of root elongation by plant hormones is less significant. Although auxin is known to promote elongation growth in excised stem segments (Brummell and Hall 1987) , it rather inhibits root elongation Watanabe 1986, Miller and Gow 1989) . Tanimoto (1987) and Tanimoto (1988) reported that root growth is regulated by gibberellin using intact roots. Although gibberellin has been reported to promote growth of root segments, cell division and cell elongation were not distinguished (Whaley and Kephart 1957 , Pecket 1960 , Mertz 1966 ).
In the shoot, gibberellin has been considered to determine the direction of cellulose microfibrils by stabilizing cortical microtubule (CMT) array (Takeda and Shibaoka 1981, Shibaoka 1993) . Consequently, growth polarity of the plant cell is controlled by gibberellin (Simmonds et al. 1983 , Davidonis 1990 , Baluška et al. 1993 , Shibaoka 1994 . However, only one example of regulation of the CMT array by gibberellin has been reported in root cells, to our knowledge (Baluška et al. 1993) .
The duckweed, Lemna minor is a small plant floating on water with roots submerged in water. The root has a simple anatomy (Melaragno and Walsh 1976, Inada et al. 2000) , with a high growth rate. Therefore, the effect of chemicals on root growth is easily analyzed. Previously, we found that root growth was inhibited by uniconazole-P (Un-P), a gibberellin biosynthesis inhibitor, and the inhibition was ameliorated by GA 3 (Inada et al. 2000) , implying that endogenous gibberellin controls the root growth. Since Un-P inhibits cell division, we could not unequivocally conclude whether gibberellin is involved in cell elongation. It would be necessary to use root segments, where cell division is not related with elongation. In roots of L. minor, the elongation zone can be easily discriminated from the meristem and mature zone (Inada et al. 2000) .
In the present study, we analyzed the hormonal control of elongation growth in segments excised from the elongation zone of roots; we examined the involvement of auxin and gibberellin, which are known to promote elongation growth. It was suggested that gibberellin synthesized in segments regulates their elongation.
Materials and Methods

Plant material
Lemna minor L. was sterilized and cultured in modified M medium (Hillman 1961) , supplemented with 1% sucrose but without tartaric acid at 25°C, under fluorescence lamps (FL20SSD/18, NEC Lighting Ltd., Tokyo, Japan) (16-h light/8-h dark, 70 mE m -2 s -1 ). In the present study, young roots of 1.0-1.5 cm were used.
Chemicals
A stock solution of IAA (10 nM, 10 mM and 1 mM) (Wako Pure Chemical Ind. Ltd., Osaka, Japan) was prepared by dissolving it in ethanol. Stock solutions of the following chemicals were prepared by dissolving them in dimethylsulfoxide (DMSO); 2-(p-chlorophenoxy)-2-methylpropionic acid (PCMP, 100 mM and 10 mM) (Sigma, U.S.A.), GA 3 (10 mM and 10 mM) (Wako Pure Chemical Ind. Ltd.), Un-P (10 mM) (Wako Pure Chemical Ind. Ltd.), and taxol (10 mM) (Sigma).
Measurement of root elongation
Segments of about 500 mm were excised from the elongation zone of the root in a solution containing 180 mM sorbitol and 5 mM calcium nitrate under an inverted microscope (IMT-2, Olympus, Tokyo, Japan) equipped with an objective micrometer (Fig. 1a) . The elongation zone was identified by analyzing the distribution of length of epidermal cells (Inada et al. 2000) . After their exact length was measured, the segment was incubated in M medium supplemented with 1% sucrose. Periodically, the segment length was measured under an inverted microscope. The elongation of segments was presented as a percentage increase to the original length. Neither ethanol (0.1%) nor DMSO (1%) affected segment elongation.
Measurement of length and width of epidermal cells
Both the length and width of epidermal cells were measured under a microscope equipped with Nomarski optics (Zeiss Axiophoto; Carl Zeiss, Germany).
Fluorescence staining
The orientation of CMTs in epidermal cells was analyzed. CMTs were visualized by indirect immunofluorescence staining. The root segments were fixed with 4% paraformaldehyde in PEM (50 mM piperazine-N,N¢-bis(2-ethanesulfonic acid) (PIPES), 5 mM ethylene glycolbis(b-aminoethyl ether)-N,N,N¢,N¢-tetraacetic acid (EGTA), 5 mM magnesium sulfate, 5% DMSO, pH 7.0) for 1 h at room temperature. After being washed three times with PEM, they were digested with a mixture of 2% Cellulase Onozuka RS (Yakult Pharmaceutical Co., Ltd., Takarazuka, Hyogo, Japan), 0.5% Pectolyase Y-23 (Kikkoman Co., Tokyo, Japan), and 0.5% Macerozyme R-10 (Yakult Pharmaceutical Co., Ltd.) in PEM at 37°C for 15 min. After being washed with PEM, they were treated with 0.5% Triton X-100 in PEM for 30 min. They were then incubated with a monoclonal antibody against a-tubulin (Amersham Pharmacia Biotech) diluted 1 : 100 in phosphate-buffered saline (PBS) (136 mM sodium chloride, 2.7 mM potassium chloride, 6 mM disodium hydrogenphosphate, 1.5 mM potassium dihydrogenphosphate, pH 7.0) for 2 h. After three washings with PBS, they were incubated with FITC-conjugated anti-mouse IgG (American Qualex, U.S.A.) diluted 1 : 50 in PBS for 1 h. They were washed three times with PBS, mounted on a slide glass and covered with a solution containing 90% glycerol, 10% PBS and 0.1% (w/v) p-phenylenediamine. The specimens were observed under a fluorescence microscope (Zeiss Axiophoto), and photographs were taken with Kodak T-Max 400 film.
Results
Elongation of root segment
Segments were prepared by cutting roots in a solution containing 180 mM sorbitol and 5 mM calcium nitrate. When incubated in M medium, they elongated slowly for 3 h, and then rapidly until 12 h (Fig. 1b, 2 ). The elongation further continued, and the length doubled after 30 h. When segments were prepared by cutting roots in M medium or in water without supplement of sorbitol and calcium nitrate, their elongation in M medium was significantly inhibited (data not shown). Therefore, segments were always prepared by cutting roots in the medium containing sorbitol and calcium nitrate.
Effect of gibberellin on root elongation
The effect of gibberellin on the elongation of root segments was examined. Segments were incubated in M medium supplemented with GA 3 at various concentrations for 12 h (Fig. 3) . The extent of segment elongation after 12 h was 62.8 ± 18.9% in the absence of exogenous GA 3 . Exogenous GA 3 had no effect at concentrations lower than 1 nM. At concentrations higher than 10 nM, elongation was inhibited by GA 3 in a concentration-dependent manner.
The effect of an inhibitor of gibberellin biosynthesis, Un-P (Izumi et al. 1984) , was examined. Elongation of segments was significantly inhibited by incubation in M medium supplemented with 10 nM Un-P (Fig. 2) . To analyze the concentration-dependency, we incubated the segments in M medium supplemented with Un-P at various concentrations for 12 h (Fig. 4 ). Un-P did not inhibit elongation at 1 nM, but showed significant inhibition at 10 and 100 nM.
To examine the effect of GA 3 on the inhibition caused by
Un-P, we added various concentrations GA 3 to M medium supplemented with 10 nM Un-P (Fig. 5 ). Although it was ineffective at concentrations lower than 10 nM, GA 3 at 0.1 and 1 mM significantly nullified the inhibitory effect of Un-P.
Changes of epidermal cell length and width
The change of epidermal cell length was measured after a 24-h incubation. Similar results were obtained on all 10 segments analyzed. A typical example is shown in Fig. 6 . Just after preparation, the length of segments was about 500 mm on average. The length of epidermal cells aligned in one file in a longitudinal direction on the segment was measured, and shown in relation to the position of each cell in the segment. The position of each cell in Fig. 6 indicates the distance of the center of the cell from the apical end of the segment. The cell was short at the apical end (about 40 mm) and increased toward the basal end (about 85 mm) (Fig. 6a) . Staining of DNA with 1 mg ml -1 Hoechst indicated that the segment did not contain the meristem (data not shown). Thus, the present segment can be a suitable material for analyzing elongation growth of the root without disturbance by division growth.
After a 24-h incubation in M medium, both segments and cells significantly elongated (Fig. 6b) . The length of a cell located at the apical end was 79.3 mm and was longer at the basal part, indicating that cells in the whole segment elongated during incubation. The most basal cell was shorter than the next cell after the 24-h incubation. It is speculated that the cell might be damaged during excision of the segments. This tendency was observed in all segments examined. Root segments incubated in M medium supplemented with 10 nM Un-P for 24 h elongated but not as much as control segments (Fig. 2) . Epidermal cells elongated in the whole segments as in the control segment (Fig. 6b) . However, elongation was significantly inhibited by Un-P. Statistical analysis was also carried out (Fig. 7a) . In this analysis, we measured the length of cells aligned in the longitudinal direction of the segment and repeated measurements for several files of cells in the same segment for a total of 10 segments. The distribution of cell length was analyzed, irrespective of the position in root segments. The number of cells was totaled for each 10 mm. Just after preparation of root segments, cells 40-49 mm in length were the most frequently observed. After a 24-h incubation, the peak shifted to 110-119 mm. After a 24-h incubation in the presence of 10 nM Un-P, the peak was observed at 70-79 mm.
To examine the lateral expansion of the epidermal cell, we measured the change of the cell width (Fig. 8) . The cell width was distributed between 6-9 mm before incubation (Fig. 8a) . Cell width was not related with the position on the segment. After a 24-h incubation, most cells attained the width of 10 mm (Fig. 8b) . The cell width after a 24-h incubation in the presence of 10 nM Un-P was similar to that in the absence of Un-P. The statistical results also showed the same tendency (Fig. 7b) .
CMT array
The effect of Un-P on the CMT array was examined in epidermal cells. After incubation in M medium for 12 h, CMTs of the epidermal cells were oriented transversely (Fig. 9a) . CMTs of epidermal cells were significantly changed by treatment with 10 nM Un-P for 12 h. In Un-P-treated segments, fragmented CMTs were sparsely and randomly distributed (Fig. 9b) . GA 3 at 0.1 and 1 mM could nullify the effect of Un-P on the CMT array. CMTs were arranged transversely in the presence of both Un-P and GA 3 (Fig. 9c) . When the incubation period was prolonged up to 24 h, significant fragmentation of CMTs was induced even in the absence of Un-P (Fig. 9d ) or in the presence of both Un-P and GA 3 (Fig. 9f) . Incubation in the presence of Un-P alone for 24 h induced more pronounced inhibition of CMT array; most CMTs disappeared (Fig. 9e) . Exogenous gibberellin added to the medium in the absence of Un-P did not affect the CMT array of epidermal cells after a 12-or 24-h incubation (data not shown).
Taxol treatment
To elucidate whether the disorganization of CMT array caused by Un-P induced the inhibition of root elongation, we examined the effect of taxol, a microtubule-stabilizing agent ( Table 1 ). Elongation after a 12-or 24-h incubation was not affected by 20 mM taxol. In the presence of both 10 nM Un-P and 20 mM taxol, elongation was inhibited to the same extent as that in the presence of only Un-P. In the presence of Un-P, the CMTs were disorganized (Fig. 9b) . However, CMTs remained in a transverse arrangement in the presence of both taxol and Un-P (Fig. 10) .
Effect of auxin on root elongation
The possible involvement of auxin in the elongation of root segment was examined. Segments were incubated in M medium supplemented with IAA at various concentrations for 12 h (Fig. 11 ). IAA at concentrations lower than 1 nM scarcely affected the root elongation. However, at higher IAA concentrations, root elongation was rather inhibited as was observed in intact roots (Inada et al. 2000) . The effect of an auxin antagonist, PCMP, was studied (Fig. 12) . Segments were incubated in M medium supplemented with PCMP at various concentrations for 12 h. No inhibition of root elongation was observed at concentrations lower than 1 mM. However, 10 mM PCMP significantly inhibited root elongation, and the inhibitory effect was not nullified by the presence of IAA at 1 pM-1 mM (Fig. 13) .
Discussion
In the previous study using intact plants, we found that endogenous gibberellin regulates the root growth of L. minor (Inada et al. 2000) . Analysis of growth using segments isolated from the elongation zone of root allows analysis of elongation growth without involvement of cell division. The aim of the present study was elucidation of the hormonal control of elongation growth using root segments. In root segments, the length of epidermal cell was the shortest at the apical end and longest at the basal end, and changed linearly along the longitudinal axis of the segment (Fig. 6a) , indicating that segments were isolated from the elongation zone and not the mature zone. Therefore, epidermal cells of the whole segment elongated during incubation (Fig. 6b) .
We studied the effect of exogenous GA 3 on segment elongation, since exogenous gibberellin has been reported to promote shoot elongation in several higher plants (Ross et al. 1989 , Sauter et al. 1993 , Xu et al. 1997 . However, exogenous GA 3 did not promote but rather inhibited elongation of the root segment (Fig. 3) . This suggested that the root segment contains enough gibberellin to support elongation growth and that exogenous addition of GA 3 results in a supra-optimal concentration of gibberellin in the segment. To examine this possibility, we studied the effect of Un-P, an inhibitor of gibberellin biosynthesis. Un-P significantly inhibited the elongation of the root segment at a low concentration (10 nM) (Fig. 2, 4) . The coexistence of GA 3 completely nullified the inhibitory effect of Un-P (Fig. 5) . These results suggested that the level of endogenous gibberellin was sufficient for root elongation. In other plants as well, the concentration of gibberellin required for normal elongation of root has been reported to be much lower than that required for shoot elongation (Tanimoto 1991) . The cell length in segments incubated in the presence of Un-P was shorter than that of control segment (Fig. 6b) . Thus, inhibition of root elongation by Un-P resulted from inhibition of cell elongation.
In the absence of Un-P, GA 3 inhibited the elongation of segments at concentration higher than 10 nM (Fig. 3) . In the presence of Un-P, however, the segments showed elongation 
Table 1 Effect of Un-P and taxol on root elongation
Root segments were incubated in the M medium (Control), supplemented with 10 nM Un-P (Un-P), 20 mM taxol (Taxol), or both 10 nM Un-P and 20 mM taxol (Un-P+taxol) for 12 or 24 h. Values are means ± SD for 10 segments.
Elongation (%) 12 h 24 h Control 56.6 ± 10.7 82.5 ± 15.2 Un-P 25.5 ± 12.4 36.4 ± 5.4 Taxol 55.6 ± 17.4 87.8 ± 11.5 Un-P+taxol 25.2 ± 10.3 37.0 ± 9.0 when GA 3 was also present at 0.1 and 1 mM (Fig. 5) . To solve this severe contradiction, we carried out the following experiment. In the presence of 100 nM Un-P, GA 3 even at 1 and 10 mM nullified the inhibitory effect of Un-P and did not inhibit the segment elongation (data not shown). We tentatively suggest that Un-P acts not only as an inhibitor of gibberellin biosynthesis but also as a competitive inhibitor of the physiological action of gibberellin. To examine this possibility, further analysis is needed. Root segments showed elongation without supplement of exogenous gibberellin (Fig. 1, 2) . Elongation of segments was inhibited by Un-P, and the inhibitory effect was nullified by exogenous GA 3 . These results suggested that segments have a capacity to synthesize gibberellin. Elongation in the absence of exogenously supplied GA 3 would be supported by endogenously synthesized gibberellin (Fig. 1, 2, 6 ). Phaseolus root has been reported to have a site for gibberellin biosynthesis (Crozier and Reid 1971) . Cultured roots of tomato have been also reported to have the capacity for gibberellin production (Butcher et al. 1988) . It has been reported that gibberellin inhibitors induced not only inhibition of cell elongation but also significant lateral cell expansion in intact plants (Mita and Shibaoka 1984 , Tanimoto 1987 , Tanimoto 1988 , Barlow 1991 . In intact L. minor plants, Un-P also induced lateral expansion of epidermal cells of roots (Inada et al. 2000) . However, Un-P did not promote epidermal cell expansion in the segments (Fig. 7b, 8) . Two possibilities are considered for this difference between intact plants and segments; (1) the incubation time for the segment was too short compared with that of the intact plant to induce lateral cell expansion by Un-P, and (2) the root segments were obtained at about 500-1,000 mm from the root tip, which does not include the region 0-300 mm from the root tip showing extensive lateral expansion of epidermal cells (Inada et al. 2000) .
Gibberellin has been suggested to affect the stability of CMT (Shibaoka 1991 , Hamada et al. 1994 . Transverse CMTs of epidermal cells were disorganized by Un-P, and the disorganization was completely ameliorated by GA 3 (Fig. 9) . It was suggested that endogenous gibberellin stabilized CMT and that the disorganization of the CMT by Un-P induced inhibition of elongation in epidermal cells. However, stabilization of transverse CMTs by taxol (Fig. 10) did not nullify the inhibition of elongation by Un-P (Table 1) . For functioning of CMTs, not only the transverse array but also a dynamic change of organization might be necessary to support cell elongation.
It is generally accepted that turgor pressure and characteristics of the cell wall matrix are also involved in the regulation of elongation growth. No significant difference in osmotic pressure of epidermal cells was observed between the control and Un-P-treated segment (data not shown). In pea roots, GA 3 had little effect on osmotic concentration (Tanimoto 1994) . Thus, turgor pressure is not a major cause of inhibition of the root elongation by Un-P in segments as in the intact plant (Inada et al. 2000) . Potter and Fry (1993) reported that xyloglucan endotransglycosylase activity correlated with GA 3 -enhanced elongation in pea internodes. Further analysis of Un-P effect on the cell wall matrix is needed.
After a 24-h incubation, elongation of segments stopped even in control experiments (in the absence of Un-P). Immunofluorescence study showed disorganization of CMT after a 24-h incubation of segments (Fig. 9) . CMT of epidermal cells in the mature zone was also disorganized in intact plants (Inada et al. 2000) . The situation of cells of segments incubated for 24 h might be similar to that of cells in the mature zone of intact plants.
Exogenous IAA did not promote but rather inhibited root elongation (Fig. 11) . PCMP, an inhibitor of auxin action, inhibited elongation growth at high concentrations (Fig. 12 ), but the inhibition was not reversed by exogenous IAA (Fig. 13) . Thus, auxin may not be directly related with root elongation in L. minor. The possibility of a non-specific effect of PCMP must be also considered.
The present study clearly indicated that endogenous gibberellin controls root growth by regulating cell elongation. Further studies on the extensibility of cell wall, orientation of cellulose microfibrils and matrix polysaccharides are awaited. 
